, to create a hydrophobic crack open to the cytoplasm. Fab and SecA bind to a common site at the tip of the cytoplasmic domain of SecY. Molecular dynamics and disulphide mapping analyses suggest that the pre-open state might represent a SecYE conformational transition that is inducible by SecA binding. Moreover, we identified a SecA-SecYE interface that comprises SecA residues originally buried inside the protein, indicating that both the channel and the motor components of the Sec machinery undergo cooperative conformational changes on formation of the functional complex.
SecY or Sec61a, the core component of the translocon, has ten transmembrane (TM1-TM10), six cytoplasmic (C1-C6) and five periplasmic/luminal (P1-P5) regions 5 (see Supplementary Fig. 1 ). The amino-terminal (TM1-TM5) and carboxy-terminal (TM6-TM10) halves of SecY are assembled into a pseudo-symmetrical structure, having an hourglass-shaped channel in its interior that is gated from the periplasmic side by a 'plug' helix 4 . The translocon also has a lateral gate, through which a pre-protein's signal peptide may enter the channel to initiate the translocation process, and the hydrophobic segment of a membrane protein may exit into the lipid phase to establish a transmembrane configuration. Although the reported M. jannaschii SecYEb structure is in a closed, resting state, the channel that is formed within a single heterotrimer indeed mediates translocation [6] [7] [8] . Nevertheless, the fully functional translocon might require oligomerization of the SecY (Sec61) complex 9 , which provides the binding platform for the cytoplasmic partners (such as the ribosome 10, 11 and SecA 12 ) or forms a larger channel 13 . In the dimer model of the Escherichia coli SecYEG-SecA system 12 , one copy of SecYEG provides a docking site for SecA, whereas another copy is used as a translocating pore. SecA 2, 3, 5 interacts with SecYEG
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, partially activating its ATPase 15 ('membrane ATPase'), which is then enhanced fully by a pre-protein ('translocation ATPase') during active, ongoing translocation. The C4 and C5 regions of SecY (see Supplementary Fig. 1 ), which are critical for the activation of SecA 5, 16, 17 , contain residues that contact the ATPase domain of SecA 12, 18 . Although SecA is believed to function through large conformational changes 19 , its functional oligomeric state 9, 20 (see Supplementary Discussion), as well as the molecular details of the motor function, remain elusive. We chose to study the Sec machinery from Thermus thermophilus 21 , including the crystal structure determination of SecA 20 and SecYE, the subject of this report. Initial crystals of T. thermophilus SecYE showed a resolution limit of ,6 Å . Resolution was improved when SecYE was in complex with the Fab fragment of a monoclonal antibody against T. thermophilus SecY. The crystal structure was determined by the multiple anomalous dispersion (MAD) method, in which SecYE had been labelled with selenomethionine (Supplementary Table 1 ). The refined model, at a 3.2 Å resolution, includes most of the residues of Fab, SecY and SecE (Fig. 1) . The electron density map displays most of the amino acid side chains of these components ( Supplementary Fig. 2 ). The overall architecture of SecYE is similar to that of M. jannaschii SecYEb 4 ( Supplementary  Fig. 3 ), in that it has an inverted, pseudo-symmetrical arrangement of transmembrane helices, an hourglass-shaped conduit with the 'pore ring' constriction ( Supplementary Fig. 2b ), and a plug helix. The cytoplasmic C4-C5 loops, to which SecA and the ribosome bind 4, [10] [11] [12] 18 , protrude prominently from the membrane-embedded region. The Fab binds tightly to the highly conserved Ile 347-Phe 359 segment in the C5 loop of SecY ( Supplementary Fig. 4a ).
Despite the overall similarity, a closer comparison with M. jannaschii SecYEb revealed that their C-terminal halves occupy different conformations ( Supplementary Figs 3 and 5) . The Ca root mean squared deviation was 1.36 Å for TM1-TM5 and 2.85 Å for TM6-TM10. TM6, TM8 and TM9 of T. thermophilus SecYE show displacements of 5 Å , 4 Å and 6 Å , respectively, from those in M. jannaschii SecYEb, expanding the TM2-TM8 distance in the lateral gate area of the former (arrows in Supplementary Fig. 5b ). TM6 and TM8 are tilted by ,25u and ,10u, respectively, and TM9 shows a translational movement to the periphery of the channel (Supplementary Fig. 5c ). Similar displacement of TM8 and TM9 was noted, when the SecYE structure was compared with the models of the E. coli SecY structure 10, 22 ( Supplementary Fig. 6 ). The altered transmembrane arrangement creates a ,6 3 15 Å hydrophobic crack formed by the cytoplasmic segments of TM2, TM7 and TM8 ( Fig. 2a and Supplementary Fig. 7 ). SecYE with an exposed crack could represent an alternative conformation of the translocon that we term 'pre-open' as opposed to or to distinguish it form the closed state of M. jannaschii SecYEb.
To address whether T. thermophilus SecY undergoes conformational transition between the pre-open and closed states, we performed a molecular dynamics simulation (Supplementary Discussion). During the 100-ns simulation, SecYE underwent large conformational changes, in which TM8 and TM9 moved from that of the open state towards the closed state ( Supplementary Fig. 8 and Supplementary  Movies 1 and 2) . The low (6.0 Å ) resolution crystal structure of the antibody-free SecYE (Supplementary Table 1 and Supplementary Discussion) also showed a tendency towards the closed form, with the swinging and bending of TM8 ( Supplementary Fig. 9 ). Taken together, the closed form seems to represent the energetically favoured, ground state of SecYE in the absence of any interacting components. In turn, it is conceivable that the pre-open form is a conformational substate induced by the antibody binding and possibly by the binding of a physiological ligand, SecA.
T. thermophilus SecA binds to the same (Pro-Gly-Ile-Arg-Pro-Gly) motif in C5 (see Fig. 3a ) as Fab ( Supplementary Fig. 4a ), which inhibited the in vitro translocation activity of the translocon ( Supplementary Fig.  4b ). The arrangements of the transmembrane segments of SecYE were studied by intramolecular disulphide bond formation between cysteines placed at six different pairs of positions (Fig. 2c, d ), which was assessed by reductive and non-reductive carboxymethylation. These data showed that SecY(Thr92Cys-Ala328Cys), SecY(Thr92Cys-Thr329Cys) and SecY(Thr327Cys-Val368Cys) form intramolecular disulphide bonds (Fig. 2e) . The 92-328 and 92-329 linkages suggest that the isolated SecYE predominantly assumes the closed conformation, rather than the pre-open form (Fig. 2c, d ). SecA decreased the 92-329 disulphide bond formation in the membrane-embedded SecYE ( Fig. 2f and Supplementary Fig. 10 ). This would be consistent with a notion that SecA facilitates the conformational transition of SecYE from the closed to the pre-open states. The swinging of TM8 might initiate the opening of the channel gate through exposure of the hydrophobic crack ( LETTERS and TM8 (ref. 23) , it is tempting to speculate that the crack participates in the reception of signal peptides from SecA. SecA contains two nucleotide-binding folds (NBFs; also called NBD), a pre-protein crosslinking domain (PPXD) and C-terminal translocation domains (HWD and IRA1), which are all connected by a long a-helical scaffold domain (HSD) (Fig. 3a top panel and Supplementary Fig. 12 ). To identify the T. thermophilus SecA residues that contact the C4-C5 cytoplasmic domains of SecY (refs 12, 18), we introduced single cysteines into selected positions of SecA (Supplementary Fig. 12 ). We first mutated residues on the NBF1 surface, as NBF1 has been shown to be in the physical proximity of SecY (ref. 12). Single cysteines were also introduced into SecY positions 259, 341 and 352 (Figs 1 and 3a) for examination of the intermolecular disulphide bond formation (Fig. 3c, Supplementary Fig. 13 and Supplementary Discussion). Two combinations, SecA(Pro202Cys)-SecY(Ala259Cys) and SecA(Leu775Cys)-SecY(Pro352Cys), formed a disulphide bond on oxidation (Fig. 3a, c, lanes 1 and 7) , in which SecYE must be proteoliposome-integrated ( Supplementary Fig. 13a, c, lanes 9  and 15) . Thus, residues 775 (Fig. 3a, purple) and 202 (Fig. 3a, green) of SecA are adjacent to the C5 and C4 residues of SecY, respectively (see Supplementary Discussion, Supplementary Fig. 13 and ref. 12 for the specificity of molecular interactions involving SecA).
Assuming that the molecular contacts between SecA at 202 and SecY at 259 and between SecA at 775 and SecY at 352 take place simultaneously, the two cytoplasmic protrusions of SecY must be accommodated between the NBF1 and C-terminal translocation domain of SecA (Fig. 3a) . However, the SecA protomer structure lacks a large enough opening in this region (Fig. 3a, arrow) , raising the possibility that the SecY-associated form of SecA has undergone a conformational change. We found that an evolutionarily conserved ( Supplementary Fig. 14) region ( 180 Gly-Phe-Asp-Tyr-Leu-Arg-GluGln-Met 188 ) corresponding to the C-terminal half of motif IV 24 ( Fig. 3b) interacts with SecY. Although the cysteines introduced into the motif IV positions of native SecA were not readily accessible to alkylation by a hydrophobic modifier ( Supplementary Fig. 15 and Supplementary Discussion), they formed either a disulphide bond or a bis-maleimidoethane (BMOE; arm length of 8 Å )-mediated crosslinkage with a specific cysteine at C5 of SecY (Fig. 3d, e and Supplementary Fig. 16 ). Thus, the interaction with the translocon leads to the exposure of residues 182, 185, 186 and 188 on the molecular surface (Supplementary Discussion). The motif IV region indeed undergoes a conformational change that is coordinated with the formation of a motor-translocon complex.
The ATPase of SecA is tightly downregulated in the resting state (intrinsic ATPase) through the interaction between the ATPase and the IRA1 domains 25 (Fig. 3a) . Our observation that binding to the translocon physically separates NBF1 and IRA1 excellently explains the translocon-mediated triggering of the membrane ATPase. The motif IV segment communicates with an anti-parallel b-sheet that is involved in the propagation of a pre-protein-binding signal to the ATPase domain 26 ( Fig. 3a, b) . The surface exposure and the translocon interaction of motif IV might modulate the SecA function, not only by keeping IRA1 away, but also by enabling the b-sheet to activate the ATPase further, in response to pre-protein binding (translocation ATPase).
SecA interacts with SecY in at least two different modes 18 : the one involving the SecY C4-C5 domains is probably required for the ATPase activation, whereas the other, involving C6, accompanies the actual SecA-driven translocation. The SecA-SecY interface we identified in this study seems to correspond to the first interaction 17 . The SecA-SecY interaction that we observed here directly involves Arg 351 (counterpart of E. coli SecY Arg 357) and might correspond to the one involving the non-translocating SecY copy (Fig. 4) . In view of the occurrence of the second mode of SecA binding to the translocon, the translocating SecY copy should also interact with SecA.
The binding of the Fab fragment or SecA to the cytoplasmic region of SecY seems to induce the pre-open state of the translocon. The opening may occur in both copies of SecY, and have a role in the initial reception of the signal-peptide-SecA complex, which could be followed by further propagation of conformational changes within the translocon (Fig. 4) . The pre-opening could also be important for the activation of the SecA ATPase (Fig. 4) . Our proposal that the translocon and the translocation-driving motor undergo cooperative conformational changes should be substantiated by the structural determination of the SecA-translocon complex with a bound pre-protein substrate.
METHODS SUMMARY
The T. thermophilus SecYE complex was overproduced in E. coli, solubilized from the membrane with n-dodecyl-b-D-maltoside and purified by three successive chromatography steps. It was mixed with the Fab fragment of a monoclonal antibody against SecY, and the Fab-SecYE complex was isolated by gel filtration chromatography. Crystals of the complex were grown by vapour diffusion. The structure of the SecYE complex was determined by the MAD method, using the selenomethionine-labelled SecYE crystals, with refinement to R work /R free of 24.4%/28.0% at 3.2 Å resolution (Supplementary Table 1 ). Molecular graphics were generated with PyMol 27 . An all-atom molecular dynamics simulation of the pre-open form of SecYE with explicit solvent and phospholipids was performed using the NAMD2 program 28 , as described in Supplementary Information.
To quantify the intramolecular disulphide bond formation in the purified double-cysteine mutants of SecYE, the mutants were subjected to reductive or non-reductive carboxymethylation in the presence of 6 M guanidine hydrochloride, as described previously 29 . For intra-or intermolecular disulphide crosslinking, the samples were treated with an oxidant, Cu(phen) 3 , and were analysed by non-reducing SDS-PAGE. To assess the effect of T. thermophilus SecA on the conformation of SecYE, inverted membrane vesicles, prepared from E. coli cells overproducing the SecYE double cysteine mutants, were pre-incubated with SecA or BSA, as specified, before oxidation. For intermolecular crosslinking between SecYE and SecA, a single cysteine mutant of SecA was mixed with proteoliposomes containing SecYE with a single cysteine at a specific SecY position. For the BMOE-mediated crosslinking of SecY and SecA, single cysteine samples were incubated with BMOE.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Purification and crystallization of SecYE. The full-length T. thermophilus SecY(Leu2Val/Arg252Glu) with a His 6 -tag at the C terminus, as well as the full-length T. thermophilus SecE, were overexpressed in E. coli, which carried two plasmids: SecYE-overproducing pTT159 and pSTD343 (ref. 21 ). The SecYE complex was solubilized from the membrane fraction with n-dodecyl-b-D-maltoside, and was purified by three successive chromatography steps. The His 6 -tag of SecY was spontaneously cleaved after storage at 20 uC for 2 weeks, and the protein was re-chromatographed on a Ni-NTA column. A hybridoma producing the monoclonal antibody against SecYE was made and identified by MBL Co. and our in-house screenings. The Fab fragment was purified by IBL Co. After mixing SecYE with a stoichiometric excess of Fab, the Fab-SecYE complex was purified by gel filtration. Crystals of the Fab-SecYE complex were grown by the vapour diffusion method. Details of the sample preparations will be described elsewhere (T.T. et al., manuscript in preparation). Crystallographic analysis. Diffraction data were collected at 100 K from beamline BL41XU at SPring-8 and from beamline NW12 at PF. The diffraction data were processed using DENZO/SCALEPACK 31 and the CCP4 suite 32 . The crystal structure of SecYE was determined by the MAD method, using the diffraction data from the selenomethionine (SeMet)-labelled SecYE complex. The heavy atom sites were identified with the program SnB 33 . The phases were calculated using the program SHARP 34 . The initial phases were improved by density modification, using the programs SOLOMON 35 and DM 36 . An initial atomic model of SecYE and Fab was manually built with the program O 37 , using the structures of a Fab (PDB 2A6D) and M. jannaschii SecYEb (PDB 1RH5) as references, and was then refined using CNS 38 and Refmac 32 . By iterative model building and map calculation, the structure of the Fab-SecYE(SeMet) complex was refined to R work /R free of 31.8%/34.9% at 3.3 Å resolution. The crystal structure of the native Fab-SecYE complex was determined by molecular replacement, using the program MolRep 39 , and was refined with R work /R free 5 24.4%/28.0% at 3.2 Å resolution (Supplementary Table 1 ). The quality of the model was substantially improved, using the zonal scaling 40 . The asymmetric unit contains a single Fab-SecYE complex. The refined model includes almost all of the residues of Fab, residues 1-247 and 255-422 of SecY ( Supplementary Fig. 1 ) and residues 12-57 of SecE (60 amino acid residues in total). A Ramachandran plot with PROCHECK 41 showed that 91.8%, 7.5% and 0.8% of the residues in the SecYE model were in the most favoured, allowed and generously allowed regions, respectively. Molecular graphics were created with PyMol 27 . Preparation of SecA and SecYE variants. The SecA(Cys648Ser) mutation was first introduced into the SecA-overproducing plasmid, pHM451 (ref. 20) , using QuikChange mutagenesis, to yield pHM512, which was in turn used as a template for the introduction of single cysteine substitutions. Native SecYE lacks cysteine. Similarly, single and double cysteine substitutions were introduced into selected positions of SecY, using the SecY-SecE overproducing plasmids pTT008 (ref. 21 ) and pTT159, respectively, as templates. SecA and SecYE variants were purified as described previously 21, 42 and were functional in in vitro translocation assays, except for SecA(Arg185Cys) (data not shown). Molecular dynamics simulation. An all-atom molecular dynamics simulation was carried out using the NAMD2 program 28 , as described in Supplementary Information. Quantification of intramolecular disulphide formation by SecY doublecysteine mutants. T. thermophilus SecY double-cysteine variants were subjected to reductive or non-reductive carboxymethylation. For reductive carboxymethylation, the protein (,10 mg) was dissolved in 100 ml of 1% dithiothreitol in 6 M guanidine hydrochloride, 1 M Tris-HCl (pH 8.5) and 10 mM EDTA, and was heated at 80 uC for 30 min. After cooling, alkylation was performed by the addition of 10 ml of a 25% iodoacetic acid solution in 1 N NaOH and an incubation at room temperature for 30 min in the dark. For non-reductive carboxymethylation, the protein was dissolved in 2.5% iodoacetic acid in 6 M guanidine hydrochloride, 1 M Tris-HCl (pH 8.5) and 10 mM EDTA. The reaction mixtures were desalted with a Sephadex G-25 syringe (1 ml), and pooled fractions of the
